Hanudel MR, Chua K, Rappaport M, Gabayan V, Valore E, Goltzman D, Ganz T, Nemeth E, Salusky IB. Effects of dietary iron intake and chronic kidney disease on fibroblast growth factor 23 metabolism in wild-type and hepcidin knockout mice. Am J Physiol Renal Physiol 311: F1369 -F1377, 2016. First published October 12, 2016 doi:10.1152/ajprenal.00281.2016In the setting of normal kidney function, iron deficiency is associated with increased FGF23 production and cleavage, altering circulating FGF23 levels. Our objective was to determine how chronic kidney disease (CKD) and dietary iron intake affect FGF23 production and metabolism in wildtype (WT) and hepcidin knockout (HKO) mice. For 8 wk, the mice were fed diets that contained adenine (to induce CKD) or no adenine (control group), with either low-iron (4 ppm) or standard-iron (335 ppm) concentrations. The low-iron diet induced iron deficiency anemia in both the WT and HKO mice. Among the WT mice, in both the control and CKD groups, a low-iron compared with a standard-iron diet increased bone Fgf23 mRNA expression, C-terminal FGF23 (cFGF23) levels, and FGF23 cleavage as manifested by a lower percentage intact FGF23 (iFGF23). Independent of iron status, CKD was associated with inhibition of FGF23 cleavage. Similar results were observed in the HKO control and CKD groups. Dietary iron content was more influential on FGF23 parameters than the presence or absence of hepcidin. In the CKD mice (WT and HKO, total n ϭ 42), independent of the effects of serum phosphate, iron deficiency was associated with increased FGF23 production but also greater cleavage, whereas worse kidney function was associated with increased FGF23 production but decreased cleavage. Therefore, in both the WT and HKO mouse models, dietary iron content and CKD affected FGF23 production and metabolism. fibroblast growth factor 23; iron deficiency anemia; hepcidin; chronic kidney disease EARLY STAGES OF CHRONIC KIDNEY DISEASE (CKD) are characterized by the development of progressive anemia (15) and concurrent elevation of fibroblast growth factor 23 (FGF23) levels (17), with subsequent reductions in 1,25(OH) 2 vitamin D that precipitate secondary hyperparathyroidism (14). FGF23 is a hormone secreted by osteocytes that induces phosphaturia and decreases renal 1␣-hydroxylase expression (33), physiologically functioning as a homeostatic regulator of phosphate and a counterregulatory hormone to 1,25(OH) 2 D 3 . FGF23 levels increase early in the course of CKD and continue to rise as the glomerular filtration rate decreases (12, 17, 22, 30) . Although elevated FGF23 levels help to maintain normophosphatemia until late in the CKD course, they have been associated with CKD progression (11, 18, 31) and increased cardiovascular morbidity and mortality (13, 18) . Anemia also occurs early in CKD and is multifactorial in etiology, contributed to by iron deficiency, elevated hepcidin levels that mediate ironrestricted erythropoiesis, and inadequate erythropoietin synthesis (4). As with FGF23, CKD-related anemia is associated with CKD progression (28, 43), excess cardiovascular morbidity, and all-cause mortality (21, 42).
fibroblast growth factor 23; iron deficiency anemia; hepcidin; chronic kidney disease EARLY STAGES OF CHRONIC KIDNEY DISEASE (CKD) are characterized by the development of progressive anemia (15) and concurrent elevation of fibroblast growth factor 23 (FGF23) levels (17) , with subsequent reductions in 1,25(OH) 2 vitamin D that precipitate secondary hyperparathyroidism (14) . FGF23 is a hormone secreted by osteocytes that induces phosphaturia and decreases renal 1␣-hydroxylase expression (33) , physiologically functioning as a homeostatic regulator of phosphate and a counterregulatory hormone to 1,25(OH) 2 D 3 . FGF23 levels increase early in the course of CKD and continue to rise as the glomerular filtration rate decreases (12, 17, 22, 30) . Although elevated FGF23 levels help to maintain normophosphatemia until late in the CKD course, they have been associated with CKD progression (11, 18, 31) and increased cardiovascular morbidity and mortality (13, 18) . Anemia also occurs early in CKD and is multifactorial in etiology, contributed to by iron deficiency, elevated hepcidin levels that mediate ironrestricted erythropoiesis, and inadequate erythropoietin synthesis (4) . As with FGF23, CKD-related anemia is associated with CKD progression (28, 43) , excess cardiovascular morbidity, and all-cause mortality (21, 42) .
Although FGF23 levels increase early in the course of CKD, physiological regulation of FGF23 remains incompletely understood. Phosphate (2, 32), 1,25(OH) 2 D 3 (32, 44) , parathyroid hormone (PTH) (23, 25) , and calcium (35) have been implicated, but such factors are within normal ranges when bone and circulating FGF23 levels are already elevated (17, 29) . Recent studies suggest that iron may also play a role in FGF23 regulation. Observational studies in humans with normal renal function have demonstrated an inverse relationship between iron status and circulating C-terminal FGF23 (6, 9, 16, 45) . In mature wild-type mice with normal renal function, iron deficiency results in increased bone Fgf23 mRNA expression, increased circulating C-terminal FGF23, but normal levels of the intact, bioactive form of the hormone (10) . These observations suggest that, while iron deficiency may increase FGF23 production, the activity of intracellular proteolytic cleavage mechanisms may be concurrently increased, resulting in elevated C-terminal levels, but normal intact FGF23 levels, thus maintaining normophosphatemia. However, in autosomal dominant hypophosphatemic rickets, which is characterized by a stabilizing FGF23 mutation that renders the molecule more resistant to cleavage, iron deficiency causes high levels of both intact and C-terminal FGF23, as seen in mice (10) and humans (16) .
Thus iron status may play a critical role in FGF23 regulation. Iron deficiency anemia, which is highly prevalent in CKD and occurs early in the CKD course (15) , may represent a novel mechanism contributing to CKD-associated elevations of FGF23 levels. A recent study by David et al. (8) demonstrated the acute effects of inflammation on iron and FGF23 parameters in a mouse CKD model; however, the effects of primary, chronic changes in dietary iron status on FGF23 in CKD are unknown. Furthermore, as levels of the iron-regulatory hormone hepcidin increase in CKD (3, 46) , hepcidin-mediated iron sequestration may potentially affect FGF23 levels in CKD. To investigate the chronic effects of CKD, iron status, and hepcidin on FGF23 metabolism, we placed wild-type (WT) and hepcidin knockout (HKO) mice on 8-wk diets with low or standard iron concentrations, without or with adenine, which induces CKD (Table 1) .
METHODS
Animal studies. Experiments were conducted in accordance with UCLA Division of Laboratory Animal Medicine guidelines, and the study protocol was approved by the UCLA Office of Animal Research Oversight. Mice were housed at UCLA, in standard cages with wood chip bedding that was changed twice weekly. Animal housing rooms were temperature and humidity controlled, with a 12:12-h light-dark cycle.
Mouse models and diets. WT C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME) and HKO C57BL/6 mice (bred in the laboratory) of both sexes were used. Mouse diets were obtained from Harlan Teklad (Indianapolis, IN). For groups of mice in which CKD was induced, the diets contained 0.2% wt/wt adenine (19, 40, 41) . Dietary iron concentrations were 4 ppm (low) or 335 ppm (standard). Diets contained standard phosphate concentrations. Diets were started postweaning, at 4 wk of age, and provided ad libitum. Mice remained on the diets for 8 wk, until the experimental end point. At the time of euthanasia, we collected whole blood, plasma, and serum and harvested livers and tibias, from which we flushed the bone marrow. Blood and tissue samples were processed immediately and stored at Ϫ80°C. Five mice died before the experimental end point: three WT CKD low-iron mice after 5 wk on the diet, one WT CKD standard iron mouse after 7 wk on the diet, and one HKO CKD standard iron mouse after 2 wk on the diet.
Biochemical parameters. Complete blood counts were measured by a Hemavet 950 automated processor (Drew Scientific, Oxford, CT). Serum urea nitrogen, creatinine, phosphate, and calcium were assayed by colorimetric methods (Alfa-Wasserman ACE Alera and Axcel Systems, West Caldwell, NJ). Serum hepcidin was measured by ELISA, as previously described (20) . Serum 1,25(OH) 2 D3 was determined by enzyme immunoassay (Immunodiagnostics Systems, Boldon, Tyne & Wear, UK). Serum IL-6 was measured using Luminex bead-based assays (ThermoFisher, Waltham, MA). Serum intact parathyroid hormone (iPTH), plasma C-terminal FGF23 (cFGF23), and plasma intact FGF23 (iFGF23) concentrations were assayed using rodent-specific ELISA kits (Immutopics, San Clemente, CA and Quidel, San Diego, CA). Whereas the cFGF23 assay detects both the full-length, intact hormone and its inactive C-terminal proteolytic fragments, thus functioning as a surrogate measure of overall FGF23 production, the iFGF23 assay detects only the full-length, biologically active form. The percentage of iFGF23 was calculated by dividing the iFGF23 values (measured in pg/ml) by the cFGF23 values (also measured in pg/ml) and multiplying by 100.
Renal histological analysis. Harvested kidneys were fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned. Deparaffinized kidney tissue sections were stained with hematoxylin and eosin and assessed with light microscopy at ϫ10 and ϫ40 magnification.
Quantitative hepatic iron concentration. Harvested livers were snap-frozen in liquid nitrogen and stored at Ϫ80°C. Small pieces of the livers (~100 mg) were weighed and homogenized. Protein precipitation solution (0.53N HCl and 5.3% trichloroacetic acid in ddH 2O) was added, and the samples were boiled and centrifuged. Iron concentrations in the supernatants were measured by a colorimetric assay (Genzyme, Cambridge, MA), then normalized to the weights of the original samples to yield liver iron concentration.
Quantitative real-time PCR. Marrow-free tibias were homogenized in TRIzol (Invitrogen, Life Technologies). RNA was then isolated according to the manufacturer's protocol. We performed quantitative RT-PCR using the iScript RT-PCR kit (Bio-Rad, Hercules, CA) and primers specific for mouse Fgf23. We used the following PCR conditions: initial denaturation at 95°C for 2 min, followed by 40 cycles of denaturation at 94°C for 30 s, annealing at 58°C for 30 s, extension at 72°C for 1 min, and final extension at 72°C for 10 min. Fgf23 gene expression was normalized to that of hypoxanthineguanine phosphoribosyltransferase (Hprt), and data are expressed as dCt ϭ Ct(Hprt) -Ct(Fgf23) (24) . Liver samples were processed and analyzed in a similar fashion to assess Saa (serum amyloid A) mRNA expression. Each RNA sample was analyzed in duplicate.
Mouse primer sequences used were as follows: Fgf23 forward: 5=-ACAGGAGCCATGACTCGAAG-3=; Fgf23 reverse: 5=-GCA-ATTCTCTGGGCTGAAGT-3=; Saa forward: 5=-AGTCTGGGCT-GCTGAGAAAA-3=; Saa reverse: 5=-ATGTCTGTTGGCTTCCT-GGT-3=; Hprt forward: 5=-CTGGTTAAGCAGTACAGCCCCAA-3=; Hprt reverse: 5=-CAGGAGGTCCTTTTCACCAGC-3=.
Statistical analysis. Statistical analysis was performed using SigmaPlot 12.5 (San Jose, CA). mRNA expression data are presented as means Ϯ SE; all other biochemical parameters are presented as medians and interquartile ranges. For the mRNA expression data, which were normally distributed with equal variances, parametric group comparisons were performed using t-tests. For the biochemical parameter data, which were not normally distributed or had unequal variances, nonparametric group comparisons were performed using Mann-Whitney rank sum tests. For each outcome variable (e.g., urea nitrogen, cFGF23, etc.), the following 10 pairwise comparisons were performed: low vs. standard iron within the WT control, WT CKD, HKO control, and HKO CKD groups; control vs. CKD within the WT low-iron, WT standard-iron, HKO low-iron, and HKO standard-iron groups; and WT vs. HKO within the CKD low-iron and CKD standard-iron groups. (WT vs. HKO comparisons within the control groups were not performed, as these pairwise comparisons were deemed to be less informative.) A P value of Ͻ0.05 was considered to be statistically significant; however, given multiple comparison testing, a Benjamini-Hochberg correction was used.
RESULTS

Effects of dietary iron content in WT control mice.
To assess the effects of dietary iron content in WT control mice, we compared the WT control low-iron group with the WT control standard-iron group. Body weight ( (Fig. 3D) . The low-iron group had much higher bone Fgf23 mRNA expression (Fig. 4A) , cFGF23 (Fig. 4B) , and iFGF23 (Fig. 4C) . However, the percentage of circulating Wild-type and hepcidin knockout mice were placed on 8-wk diets with low or standard iron concentrations, without or with adenine, which induces chronic kidney disease (CKD).
FGF23 that was intact ( Fig. 4D ) was very low in this group, suggesting increased activity of cleavage mechanisms to offset increased expression. In the low-iron group, the higher iFGF23 levels likely explain the lower 1,25(OH) 2 D 3 levels. Also, the lower iPTH levels in the low-iron group, despite lower 1,25(OH) 2 D 3 concentrations, suggest possible FGF23-induced PTH suppression (5) .
Effects of dietary iron content in WT CKD mice. To assess the effects of dietary iron content in WT CKD mice, we compared the WT CKD low-iron group with the WT CKD standard-iron group. The low-iron group had higher body weight ( Fig. 1A ) and lower urea nitrogen and creatinine (Fig. 1 , B and C); liver Saa mRNA expression and serum IL-6 did not differ between the groups (Fig. 1, D and E). As with the WT control mice, the WT CKD low-iron group had lower liver iron concentration ( Fig. 2A) , serum hepcidin (Fig. 2B) , MCV (Fig.  2C) , and hemoglobin (Fig. 2D ). Serum phosphate (Fig. 3A) , calcium (Fig. 3B) , and 1,25(OH) 2 D 3 levels (Fig. 3D) did not differ between the groups, but the low-iron group had lower iPTH (Fig. 3C) . Despite better kidney function, the low-iron group tended to have higher bone Fgf23 mRNA expression and cFGF23 (P ϭ 0.080 and P ϭ 0.068, respectively; Fig. 4, A and  B) . However, iFGF23 levels were identical in the two groups (Fig. 4C ), secondary to increased activity of cleavage mechanisms in the low-iron group, as indicated by the lower percentage iFGF23 (Fig. 4D) . As iFGF23 did not differ between the groups, 1,25(OH) 2 D 3 levels were similar. The lower iPTH levels in the low-iron group, despite no differences in iFGF23, 1,25(OH) 2 D 3 , phosphate, and calcium levels, may reflect better kidney function.
Effects of CKD in WT mice. To assess the effects of CKD in WT mice, we compared the WT CKD groups with their corresponding WT control groups. The adenine diet induced significant peritubular leukocyte infiltration, deposition of crystalloid structures in the tubular lumina, and tubular dilatation; representative renal histology is shown in Fig. 5 . Compared with the WT control low-iron group, the WT CKD low-iron group had similar body weight (Fig. 1A) , but higher urea nitrogen (Fig. 1B) , higher creatinine (Fig. 1C) , and more inflammation (Fig. 1, D and E) . Liver iron ( Fig. 2A) , serum hepcidin (Fig. 2B) , MCV (Fig. 2C), hemoglobin (Fig. 2D) , phosphate (Fig. 3A) , calcium (Fig. 3B), iPTH (Fig. 3C) (Fig. 3D) , bone Fgf23 mRNA expression (Fig.  4A) , and cFGF23 (Fig. 4B) did not differ between the two groups. Despite similar iron, hematological, and mineral metabolism parameters, the CKD group had higher iFGF23 (Fig.  4C ) and percentage of iFGF23 (Fig. 4D) , suggesting ironindependent inhibition of FGF23 cleavage in CKD.
Among the WT mice on standard-iron diets, the CKD group had lower body weight (Fig. 1A) , higher urea nitrogen (Fig.  1B) , higher creatinine (Fig. 1C) , and more inflammation (Fig.  1, D and E) . The CKD group had higher liver iron ( Fig. 2A) , Fig. 1 . General, renal, and inflammatory parameters in wild-type and hepcidin knockout mice. Included are body weight (A), serum urea nitrogen (B), serum creatinine (C), liver Saa mRNA expression (D), and serum IL-6 (E) for all groups. a: Statistically significant pairwise comparison of low-vs. standard-iron groups within the wild-type control, wild-type chronic kidney diseae (CKD), hepcidin knockout control, and/or hepcidin knockout CKD cohorts; b: statistically significant pairwise comparison of control vs. CKD groups within the wild-type low-iron, wild-type standard-iron, hepcidin knockout low-iron, and/or hepcidin knockout standard-iron cohorts; c: statistically significant pairwise comparison of wild-type vs. hepcidin knockout groups within the CKD low-iron and/or CKD standard-iron cohorts. Given multiple comparison testing, the Benjamini-Hochberg correction was used. Data in A, B, C, and E are presented as medians and interquartile ranges, with box plot whiskers representing the 10th and 90th percentiles. Data in D are presented as means and SE; n ϭ 6 -14 mice/group, except where denoted on the graphs.
higher serum hepcidin (Fig. 2B) , lower MCV (Fig. 2C) , and lower hemoglobin (Fig. 2D) , consistent with CKD-associated, hepcidin-mediated iron-restricted erythropoiesis. As expected, the CKD group also had higher serum phosphate (Fig. 3A) , higher iPTH (Fig. 3C) , lower 1,25(OH) 2 D 3 (Fig. 3D) , higher bone Fgf23 mRNA expression (Fig. 4A) , and higher cFGF23 and iFGF23 levels (Fig. 4, B and C) .
Effects of dietary iron content in HKO control mice.
To assess the effects of dietary iron content in HKO control mice, we compared the HKO control low-iron group with the HKO control standard-iron group, allowing for a maximally dichotomized comparison of iron status. HKO mice on low-iron diets become iron deficient, like WT mice; however, unlike WT mice, HKO mice on standard-iron diets become iron loaded, as standard-iron groups within the wild-type control, wild-type CKD, hepcidin knockout control, and/or hepcidin knockout CKD cohorts. b: Statistically significant pairwise comparison of control vs. CKD groups within the wild-type low-iron, wild-type standard-iron, hepcidin knockout low-iron, and/or hepcidin knockout standard-iron cohorts; c: statistically significant pairwise comparison of wild-type vs. hepcidin knockout groups within the CKD low-iron and/or CKD standard-iron cohorts. Given multiple comparison testing, the Benjamini-Hochberg correction was used. Data are presented as medians and interquartile ranges, with box plot whiskers representing the 10th and 90th percentiles; n ϭ 6 -14 mice/group. Fig. 3 . Mineral metabolism parameters in wild-type and hepcidin knockout mice. Included are serum phosphate (A), serum calcium (B), serum intact parathyroid hormone (PTH; C), and serum 1,25(OH)2 vitamin D (D) for all groups. a: Statistically significant pairwise comparison of low-vs. standardiron groups within the wild-type control, wild-type CKD, hepcidin knockout control, and/or hepcidin knockout CKD cohorts; b: statistically significant pairwise comparison of control vs. CKD groups within the wildtype low-iron, wild-type standard-iron, hepcidin knockout low-iron, and/or hepcidin knockout standard-iron cohorts. Given multiple comparison testing, the BenjaminiHochberg correction was used. Data are presented as medians and interquartile ranges, with box plot whiskers representing the 10th and 90th percentiles; n ϭ 6 -14 mice/group, except where denoted on the graphs. the absence of hepcidin allows for maximal enteral iron absorption.
The HKO control low (iron-deficient)-and standard-iron (iron-loaded) groups had similar body weight (Fig. 1A) and kidney function (Fig. 1, B and C) . The low-iron group had slightly less liver Saa mRNA expression (Fig. 1D) ; however, this result was not reflected by serum IL-6 (Fig. 1E) . The low-iron group had lower liver iron concentration ( Fig. 2A) , MCV (Fig. 2C) , and hemoglobin (Fig. 2D) ; serum hepcidin levels were undetectable in both groups (Fig. 2B ). Serum phosphate (Fig. 3A) , calcium (Fig. 3B) , and iPTH (Fig. 3C) did not differ between the groups, but 1,25(OH) 2 D 3 levels were much lower in the low-iron group (Fig. 3D) . The low-iron group had much higher cFGF23 and iFGF23 (Fig. 4, B and C) ; however, the percentage iFGF23 (Fig. 4D ) was very low, again suggesting increased cleavage coupled with increased production. In the low-iron group, the higher iFGF23 levels likely explain the lower 1,25(OH) 2 D 3 levels.
Effects of dietary iron content in HKO CKD mice.
To assess the effects of dietary iron content in HKO CKD mice, we compared the HKO CKD low-iron group to the HKO CKD standard-iron group. The low-iron group had lower body weight (Fig. 1A) , but kidney function did not differ between the groups (Fig. 1, B and C) , and differences in inflammation did not reach statistical significance (Fig. 1, D and E) . The lowiron group had lower liver iron concentration ( Fig. 2A) , MCV (Fig. 2C) , and hemoglobin (Fig. 2D) ; serum hepcidin was undetectable in both groups (Fig. 2B ). Serum phosphate (Fig.  3A) , calcium (Fig. 3B) , and iPTH (Fig. 3C) did not differ between the groups, but the low-iron group had lower 1,25(OH) 2 D 3 levels (Fig. 3D) . The low-iron group tended to have higher bone Fgf23 mRNA expression (P ϭ 0.11; Fig. 4A ) and had much higher cFGF23 levels (Fig. 4B) , potentially demonstrating the differential effects of iron deficiency vs. iron loading on FGF23 production in this CKD model. Yet, the effects of somewhat higher levels of inflammation in the low-iron group may also have been contributory. Despite large differences in cFGF23 levels, iFGF23 concentrations (Fig. 4C) did not statistically differ between the groups, secondary to increased activity of cleavage mechanisms in the low-iron group, as indicated by the lower percentage iFGF23 (Fig. 4D ). Although differences in iFGF23 levels did not reach statistical significance, slightly higher iFGF23 in the low-iron group may have contributed to the lower 1,25(OH) 2 D 3 levels.
Effects of CKD in HKO mice. To assess the effects of CKD in HKO mice, we compared the HKO CKD groups to their corresponding HKO control groups. Compared with the HKO control low-iron group, the HKO CKD low-iron group had lower body weight (Fig. 1A) , higher urea nitrogen (Fig. 1B) , higher creatinine (Fig. 1C) , more liver Saa mRNA expression (Fig. 1D) , and tended to have higher serum IL-6 (Fig. 1E) . Liver iron ( Fig. 2A) and MCV (Fig. 2C) did not differ between the two groups, although the CKD group was slightly less anemic (Fig. 2D ). Serum phosphate (Fig. 3A) , calcium (Fig.  3B), iPTH (Fig. 3C) (Fig. 3D) , and cFGF23 (Fig. 4B) did not differ between the two groups. However, the CKD group had higher iFGF23 (Fig. 4C) and percentage of iFGF23 (Fig. 4D) , again suggesting iron-independent inhibition of FGF23 cleavage in CKD.
Among the HKO mice on standard-iron diets, the control and CKD groups had similar body weight (Fig. 1A) , although the CKD group had higher urea nitrogen (Fig. 1B) , higher creatinine (Fig. 1C) , more liver Saa mRNA expression (Fig.  1D) , and tended to have higher serum IL-6 (Fig. 1E ). The CKD group had higher liver iron ( Fig. 2A) and, despite worse kidney function and more inflammation, similar MCV and hemoglobin (Fig. 2, C and D) , demonstrating the important contribution of hepcidin to CKD-associated anemia. Serum phosphate standard-iron groups within the wild-type control, wild-type CKD, hepcidin knockout control, and/or hepcidin knockout CKD cohorts; b: statistically significant pairwise comparison of control vs. CKD groups within the wild-type low-iron, wild-type standard-iron, hepcidin knockout low-iron, and/or hepcidin knockout standard-iron cohorts. Given multiple comparison testing, the Benjamini-Hochberg correction was used. Data in A are presented as means and SE. Data in B, C, and D are presented as medians and interquartile ranges, with box plot whiskers representing the 10th and 90th percentiles; n ϭ 8 -14 mice/group, except where denoted on the graphs. In A, bone Fgf23 mRNA expression was not able to be performed in the hepcidin knockout control mice secondary to sample degradation.
tended to be higher in the CKD group (Fig. 3A) and, as expected, the CKD group had higher iPTH (Fig. 3C) , lower 1,25(OH) 2 D 3 (Fig. 3D) , and higher cFGF23 and iFGF23 levels (Fig. 4, B and C) .
Effects of hepcidin on FGF23 parameters in CKD. To assess the effects of hepcidin on FGF23 parameters in CKD, we first compared the WT CKD low-iron group with the HKO CKD low-iron group. The HKO CKD low-iron group had undetectable serum hepcidin, but the WT group, despite CKD, had significant iron deficiency-induced hepcidin suppression (Fig.  2B ). These two groups had similar liver iron ( Fig. 2A) , MCV (Fig. 2C), hemoglobin (Fig. 2D) , mineral metabolism parameters (Fig. 3) , and FGF23 levels (Fig. 4) . We next compared the WT CKD standard-iron group with the HKO CKD standardiron group, which allowed for a more dichotomized comparison of hepcidin status in CKD, as the WT CKD group had dramatically increased hepcidin levels, whereas the HKO CKD group had undetectable hepcidin (Fig. 2B ). The HKO group had higher liver iron ( Fig. 2A), MCV (Fig. 2C) , and hemoglobin (Fig. 2D) , again demonstrating the contribution of hepcidin to CKD-associated anemia. However, bone Fgf23 mRNA expression (Fig. 4A ) and circulating FGF23 levels (Fig. 4 , B and C) did not statistically differ between the WT and HKO groups, suggesting that, in our CKD model, dietary iron content (low vs. standard) was more influential than the presence or absence of hepcidin per se.
Regression modeling. In the CKD cohort, which included both WT and HKO mice (n ϭ 42 mice total), we assessed the associations among biochemical parameters. In multiple linear regression analysis, independent of phosphate and urea nitrogen, log-transformed liver iron was inversely associated with log-transformed cFGF23 and positively associated with percentage iFGF23 (Table 2 ). These results suggest that, in CKD, iron deficiency is independently associated with increased cFGF23 (increased FGF23 production) and concurrently a decreased percentage of iFGF23 (increased FGF23 cleavage). Urea nitrogen was positively associated with both log-transformed cFGF23 and the percentage of iFGF23, suggesting that, independent of iron and phosphate concentrations, worsening Models evaluated the independent associations of iron, phosphate, and urea nitrogen with FGF23 parameters in the CKD cohort.
kidney function is associated with increased cFGF23 (increased FGF23 production) and an increased percentage of iFGF23 (decreased FGF23 cleavage).
DISCUSSION
FGF23 is a critical hormone involved in mineral metabolism and cross talk between bone and kidney. As elevated FGF23 levels are associated with CKD progression and adverse cardiovascular outcomes (11, 13, 18, 31) , there is a need to better understand FGF23 regulation to define optimal therapeutic approaches to reduce CKD-associated morbidity and mortality. Regulation of FGF23 may be controlled at both the transcriptional and posttranslational stages. Transcriptional regulation of FGF23 is complex, influenced by a host of systemic and local factors (26) . Posttranslational regulation is achieved via intracellular cleavage mechanisms that determine what percentage of translated FGF23 is secreted in its intact, bioactive form (39) . In the present study, we demonstrate that iron deficiency anemia is associated with concurrently increased FGF23 production and cleavage in mice with normal and impaired kidney function, and that, independent of iron status, CKD is associated with inhibition of FGF23 cleavage.
Previous experimental studies have revealed that iron deficiency upregulates bone FGF23 expression (7, 8, 10) . In mature mice with normal kidney function, iron deficiency resulted in increased bone Fgf23 mRNA expression and increased circulating cFGF23, but normal levels of iFGF23 (10), suggesting concurrently increased FGF23 production and proteolytic cleavage. We confirmed these observations, as our 12-wk-old WT control mice fed an iron-deficient diet had high bone Fgf23 mRNA expression, high cFGF23 levels, but a very low percentage of iFGF23. Absolute iFGF23 levels were not normal, however, in this case likely secondary to massively increased FGF23 production overwhelming cleavage mechanisms. The effects of iron deficiency on FGF23 were even more dramatic in the HKO control group, which became the most iron-depleted control group, likely secondary to an inability to store any iron. This group had some of the highest cFGF23 levels, as well as the lowest median percentage of iFGF23 (5%). Of the control groups, the mice on the low-iron diets had the highest absolute iFGF23 levels, likely contributing to low 1,25(OH) 2 D 3 concentrations.
Although the effects of chronic iron deficiency on FGF23 parameters have been characterized in the setting of normal kidney function, how chronic changes in iron status affect FGF23 in the setting of impaired kidney function is unknown. Compared with the WT CKD standard-iron group, the WT CKD low-iron group tended to have higher bone Fgf23 mRNA expression and cFGF23 levels, but a significantly lower percentage of iFGF23, resulting in similar absolute iFGF23 levels. These observations suggest that, in CKD, iron deficiency is associated with both increased FGF23 production and cleavage, as has been observed in non-CKD cohorts. The CKD low-iron group had higher FGF23 production despite significantly better kidney function, suggesting potent iron deficiency-associated effects.
Whereas the difference in iron status between the WT CKD low-and standard-iron groups was moderate, the difference in iron status between the HKO CKD low-and standard-iron groups was much more pronounced, as the absence of hepcidin allows for maximal enteral iron loading with a standard-iron diet. With a larger difference in iron status between the HKO CKD groups, in which kidney function and phosphate were similar, the effects on bone Fgf23 mRNA expression, circulating FGF23 levels, and percentage of iFGF23 were greater. Although the HKO CKD low-iron group tended to have more inflammation than the HKO CKD standard-iron group, which may contribute to increased Fgf23 transcription (8) , there is also evidence that FGF23 induces an inflammatory response in the liver (37) . Therefore, the relationship between FGF23 and inflammation is bidirectional, as inflammation may increase FGF23, and FGF23 may increase inflammation.
As iron status affects FGF23 production and metabolism in CKD, we hypothesized that hepcidin status would also affect FGF23 parameters. In the setting of low dietary iron intake, both the WT CKD and HKO CKD groups developed iron deficiency anemia, with similar effects on FGF23 parameters. Therefore, when dietary iron intake is very low, the presence or absence of hepcidin in CKD does not affect FGF23. However, in the setting of standard dietary iron intake, the HKO CKD group accumulated~10 times more liver iron than the WT CKD group and did not become anemic. Despite very large differences in liver iron and hemoglobin between the WT CKD and HKO CKD standard-iron groups, differences in FGF23 parameters did not reach statistical significance. Therefore, when dietary iron intake is not limited, the presence or absence of hepcidin in CKD resulted in large changes in hematological parameters, but less pronounced changes in FGF23 measures. Our major conclusions are similar to those reported by Akchurin et al. (1) while our manuscript was under review. As in our study, hepcidin ablation in the setting of CKD did not affect serum phosphate or circulating FGF23 levels compared with wild-type CKD controls, but did normalize hemoglobin. These results strengthen the evidence that hepcidin status itself is not a major determinant of FGF23 levels in CKD.
In our experimental models, iron deficiency was associated with increased Fgf23 transcription and increased FGF23 posttranslational cleavage; however, the direct and/or indirect mechanisms by which iron deficiency effects these changes have yet to be fully characterized. Iron deficiency is associated with stabilization of hypoxia-inducible factor 1␣ (HIF1␣), which increases Fgf23 transcription (8, 10) and also upregulates furin, which cleaves FGF23 (8, 27, 36) . Therefore, HIF1␣ may contribute to iron deficiency-mediated coupling of increased FGF23 production and cleavage. Although in vitro studies have demonstrated that iron chelation and hypoxia increase cellular Fgf23 expression (7, 10) , in animal models, iron deficiency may possibly elicit both direct and indirect effects on FGF23. For example, in our analyses, iron varied with hemoglobin. As such, we could not differentiate associations with iron deficiency from associations with other possible anemia-related factors. Therefore, we cannot rule out that other hematological factors related to anemia or erythropoiesis additionally mediated the effects of iron deficiency on FGF23 production.
Independent of iron status, CKD was associated with inhibition of FGF23 cleavage. In both the WT and HKO cohorts, the low-iron diet induced similar increases in cFGF23 levels in the control and CKD groups; however, the CKD groups had a much higher percentage of iFGF23. In our regression modeling, worse kidney function in CKD was associated with a higher percentage of iFGF23, independent of liver iron and serum phosphate concentrations, demonstrating the effects of more advanced CKD itself on FGF23 metabolism. Qualitatively similar data have recently been reported using another mouse CKD model (Col4a3 knockout) in which acute inflammation, characterized by decreased serum iron and increased ferritin, increased bone Fgf23 mRNA expression and cFGF23 levels similarly in WT and CKD mice, but increased iFGF23 levels to a much greater extent in the CKD mice (8) . Furthermore, in end-stage renal disease, circulating FGF23 is almost exclusively intact (34, 38) . The mechanisms by which FGF23 cleavage may be downregulated in CKD remain unknown.
In summary, the current results demonstrate that iron deficiency anemia independently affects FGF23 production and cleavage in CKD as it does in the setting of normal kidney function. In CKD, the effects of chronic dietary iron deficiency on FGF23 parameters seem to be more pronounced than the effects of hepcidin ablation. Also, worsening kidney function is independently associated with inhibition of FGF23 cleavage. Further studies are needed to elucidate the mechanisms by which iron deficiency anemia and CKD may directly or indirectly affect FGF23 production and metabolism. 
